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ABSTRACT 

We have developed a simple and reiiabie method, PCR- 
PHFA (polymerase chain reaction dependent prefer- 
ential homoduplex formation assay), for detection of 
single base substitutions within PCR amplicons. This 
technique is based upon strand competition during 
hybridization between a double labeled amplicon, 
prepared from biotin and DNP labeled primers, and an 
unlabeled amplicon. Under the precisely controlled 
temperature gradient, the preferential formation of a 
homoduplex over a heteroduplex occurs. After anneal- 
ing, ihs ;<u«r»Ucai sequence of the double labeled and 
unlabeled amplicon resulted in a low population of 
regenerated double labeled dsDNA due to strand 
exchange between them. Even when the two differed 
by only a single base substitution, double labeled 
molecule was regenerated efficiently because of 
preferential homoduplex formation. The regenerated 
double labeled molecule was captured onto a strept- 
avidin coated microliter plate and quantified enzymati- 
cally with a chromogenic substrate. The technique has 
been successfully applied in HLA-DPBI typing. 
Furthermore, we detected a mutated gene even in the 
presence of a large excess of the corresponding normal 
gene. 



INTRODUCTION 

Recent advances in DNA technology has enabled us to define 
the nature of mutations that causes inherited diseases. The most 
powerful tool in this field has been the polymerase chain reaction 
(PCR) ( 1 ). Some causes of inherited diseases have been identified 
as a single base substitution at the given locus. The techniques 
such as sequence specific oligonucleotide probe (SSO) (2). 
sequence specific primer (SSP) (3), and ligation reaction (4) can 
identify known single base substitutions. However, these are 
inadequate in detecting 'unknown' substitutions. In order to 



overcome this limitation, several techniques have been devised; 
including single strand conformation polymorphism (SSCP) (5), 
denaturing gradient gel electrophoresis (DGGE) (6,7), and 
ribonuclease cleavage at mismatches in DNA:RNA duplexes (8). 
However, these methods are too complicated for routine DNA 
diagnosis. Development of a simple and reliable method in order 
to differentiate a mutant allele from the normal gene when the 
two differ by only a single substitution at an unknown position, 
is of fundamental importance in DNA diagnosis and molecular 
genetics (9). 

Terouanne er ai. reported an elegant technique based on DNA 
strand competition during hybridization, to detect 4 unknown ' 
mutations in a PCR amplicon (10). Ln their method, the biotin 
and FITC double labeled amplicon (served as probe) and an 
excess of unlabeled amplicon (served as sample) were hybridized 
in solution under the precisely controlled temperature gradient. 
When the sequences of a labeled amplicon and an unlabeled 
amplicon were identical, the population of double labeled dsDNA 
decreased due to mathematical dilution with an unlabeled 
amplicon. On the other hand, when a labeled amplicon differed 
even by a single base, each ssDNA in the denatured mixture 
formed a duplex preferentially with a completely matched 
ssDNA. As a result, the original double labeled dsDNA was not 
diluted with unlabeled amplicon. The regenerated double labeled 
dsDNA was quantified by means of bicfuminescem assay. As 
elegant as it is, this method still has limitations for routine DNA 
diagnosis: the detection system is complicated and requires 
expensive apparatus, and it is difficult to detect mutations in 
heterozygotes, because a half of an excess amount of unlabeled 
amplicon is identical to a labeled amplicon. 

To overcome these problems, we have cs&blisi'icu PCK-PHFA 
(polymerase chain reaction dependent preferential homoduplex 
formation assay), in which we used a simple means of detection, 
ED-PCR (enzymatic detection of PCR product) ill. 12). to 
quantify' the double labeled dsDNA. Furthermore, m have 
refined the system so that if can detect a mutant allele in the 
presence of an excess of the normal gene. 
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figure 1. Principle ot PCR-PHFA. Double labeled PCR amplicons were prepared 
wifcbiotin and DNJP labeled primers. Unlabeled amplicons we« prepaied with 
aminoalkylated primers. Labeled and unlabeled ampUcons were rruxed _and 
StuiJat 98°C for 10 min, then cooled slowly to 70 a C at the rate ot I U 10 
min. (A): When labeled and unlabeled ampUcons ^j^^l^,^^ 
of double labeled dsDNA decreased due to dilution with the unlabeted molecule. 
S)1^nTo ampUcons differed by e«a^^{f^^S^ 
fonnation occurred. As a result, the population of double labeled ^DNAAd 
not decrease drastically. Double labeled dsDNA was captured on sireptov dm 
^oateJmicrotiter weU via bionn/strcptavidin affinity , and quantified with aUadme 
phosphatase conjugated anti DNP antibody and PNPP as a chromogemc substrate. 



Japan Cancer Research Resources Bank. Human genomic DNA 
was prepared as described previously (15). 

PCR amplification 

PCR amplifications were performed using Tth DNA polymerase 
in a 100 ul reaction mixture as recommended by the 
manufacturer, in a Thermal Cycler PJ-2000 (Perkin Elmer). The 
amplification cycle consisted of denaturation at 94°C for 5 mm 
followed by 30 cycles of denaturation (94°C, 30 sec), annealing 
(50°C 30 sec), and extension (72°C, 1 min). The double labeled 
PCR amplicon (see Fig. 1) was prepared with biotin-labeled and 
DNP-labeled primers, and an unlabeled amplicon was prepared 
with aminoalkylated primers. The amplicons were used for 
hybridization without purification. 

Hybridization 

Hybridization was performed in 36 jd of a reaction mixture 
containing Ul of double labeled amplicon, 15 to 20 jd of 
unlabeled amplicon, and 6 jd of 20xSSC. The reactions 
proceeded in 500 jd Eppendorf tubes, in which the mixtures were 
overlaid with light mineral oil, on a Thermal Cycler PJ-2000 
(Perkin Elmer). For HLA-DPBl typing, the reactions were 
performed in Falcon 3911 microplate with Prograirimable 
Thermal Controller (M J.Research Inc.). For hybridization with 
temperature gradient, the samples were denatured at 9S°C for 
10 min, then slowly cooled to 70°C at a rate of 1 °C per iu nun. 

Detection of the double labeled molecule 

Hybridization mixture, 25 /d, was transferred to a streptayidin- 
coated microliter well with 100 fd of anti-DNP anubody 
conjugated alkaline phosphatase in solution I: 50 mM Tns-HC. 
pH 7.5, 150 mM NaCi, and 0.05 % Tween 20. After mcubauon 
for 30 min at 25°C, the mixture was aspirated and the well was 
washed twice with 350 & of solution I. Thereafter 100 *d of 
diroinogenic substrate solution, 40 /tg/rvu PNPP (p-rutro phenyl 
ohosohate), 1 M Diethanolamine buffer pH 9.8, 0.5 mM 
MgCl.- was added to each well. The coloring reaction 
proceeded at 25°C for 30 or 60 min and the absorbance at 405 
nm was read using a rnicrotiter plate reader 



MATERIALS AND METHODS 

Oligonucleotides and labeled primers 
Oligonucleotide primers were synthesized on an Applied 
Bi^systerns model 3SIA DNA synthesizer, and an ammo group 
was added to the 5' terminus using Aminolink2. These 
aminoalkylated oligonucleotides were used as unlabeled primers. 
Biotjn and DNP (Dinitrophenyl) groups were introduced to 
aimiwal^kited oligonucleotides using CAB-NHS ester (BRL)j and 
2 4-dinhrofluorobenzene, respectively. Purification of labeled 
primers proceeded by means of HPLC on a C18 reversed phase 
column feBonciapak CIS). 

DNA sources 

The piasmid pBR322-HbS was provided by K.itakura (Beekman 
Rei Inst, of City of Hope, Duarte, CA). HLA-DPBl DNAs were 
prepared by using PCR and cloned into toe pSP64 vector. The 
plasmids pSK-2 (13) and pKY-2 (14) were purchased from the 



RESULTS AND DISCUSSION 
PCR-PHFA 

Terouanne et al reported a novel method of distmg^iishing single 
base substitutions at unspecified sites in PCR amplicons UO). 
They used a bioluminescent assay, which does not require any 
separation to detect the double labeled dsDNA. Although it is 
an excellent assay, many kinds of reagents and an expensive 
luminometer are" needed. In order to simplify the detection 
method, we applied our ED-PCR system (1 1,12) for ^ |fet^on 
of biotin Rfirj DNP labeled dsDNA and named PCR-PHK*. 
(polymerase chain reaction dependent preferential homoduplex 
fonnation assay) (Fig. 1)= In this system, the double labeled PCR 
amplicon and an excess of unlabeled amplicon are hybridized 
in a solution with a temperature gradient. DNA strand cxjriipcutwn 
occurs and a specific homoduplex fonnation takes place. This 
preferential homoduolex formation is specific enough to 
distinsuish a single base substitution. The double labeled mo ecule 
is captured on streptavidin coated microliter well via 
streptavidin/biotin affinity and detected by anti-DNP anUbody 
conjugated alkaline phosphatase using PNPP as a chromogemc 
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Tafc!c i. Nude 

PG1 

PBG1 

FG2 

PBG2 

PBG3 

PBG4 

PBG5 

DPBAMP A 
DPBAMP-B 

PHR-1 
PHR-3 



(Bio or Amino) 
(Bio or Amino) 
(DNP "J AiiiitiO) 
(DNP or Amino) 
(DNP or Amino) 
iDNP or Amino) 
(DNP or Amino) 

(Bio or Anifru) 
(Bio or Amino) 

(Bio or Amino) 
(Bio or Amino) 



5 * AC AC AACTGTGTTC ACT AGC 
5'GGGTTGGCCAATCTACTCCCAG 
5'CAACTTCATCCACGTrCACC 
5 'TGGTCTCCTT AAACCTGTCTTG 
5 C AGCCT AAGGGTGGG AAA AT 
5 ' cn C ACCTT AGGGTTGCCCA 
5'AGCTCACTCAGTGTGGCAAA 

5'CCTCTCCGCAGAGAATTAC 
5'AGCCCTCACTCACCTCGGCG 

5 ' ATGACGGAATATA AGCTGCT 
5 f CTGG ATGGTC AGCGC ACTCTT 



Table 2. The 



PHR-3 v — ■ — ■ 

" ;~~~Zr we re 10 P 1 ^ labeW ampUcnnS ^^^^ 



Labeled 
amplicon 



Unlabeled amplicon 
PGI/PG2 



(A) 98°Cto70°C. l 0 C/10min 
normal N 
PGl/PG2(l09bp) 0-04 
PGl/PBG2(166bp) 0.73 
PBGl/PG2(205bp) 0.78 
PBGl/PBG2(262bp) 0.83 



(B) 98°C to 40°C, 
normal 

PGl/PG2(109bp) 
PGl/PBG2(l66bp) 
PBGl/PC2C205bp) 
PBGl/PBG2(262bp) 



in 1 min 
N 

0.05 

0.25 
G.ZZ 

0.3G 



M 

0.39 

0.73 
0.77 
0.80 



M 

0.07 

0.29 
0.037 
0.36 



PG1/PG2 



N 

0.36 
0.05 

0.78 
0.80 



N 

0.58 
0.05 

0.5R 

o.: 



PBG1/PG2 



PBG1/PBG2 



M 

0.60 
0.32 

0.76 
0.79 



M 

0.56 
0.05 

059 
0.42 



0.44 
0.72 
0.04 

0.78 



0.63 
0.61 
0.04 
0.12 



M 

0.64 
0.79 
0.30 
0.78 



M 

0.5S 
0.57 
0.04 
0. i5 



0.54 
0.60 
0.41 
0.06 



0.66 
0.57 
0-49 
0.63 



M 

0.61 

0.72 

0.56 

03ft 



M 

0.59 
0.60 
0.51 
0.W4 



PBGl/P BG2(262bp) 0.30 _0 £6 - _ ; were prepared from normal g«, 

and unlabeled amplicons were prepared from normal «.w i or ^ i & or qaKtdy ^ m w l, in i n , j ^ 



> ■ - 1 a-» m o4i L C in 1 min). Ihc resulted mixmrcs were 

^m^^ W co _SCu C ^ 



i hybridization 
enzyir 

and average values are 



cooled slowly (laoie U1 v i^u^h H«nNA was 

tri th^ leeend The regenerated double labeled dsUNA w^ 

clear distinction between mh? rtunnai ano u \"" - and ^ 
base substitution was still detectable, aitnougp 
baSSstiwtion did not cause any significant difference u. A* 



PBS1 
" -100 



166- 

103 -.' 



FG2 : PB02 



205- 
262- 
353" 

- 448- 

- 541- 



bX*. the arrow, are the number of to* P^.^^^^.o titefth amino 
acne (GTG. Val>. 

rr»w, %B> Under this condition, the combines 

^^^^^^^^^ 
labeled dsDNA. When labeled w>"«**d 

jnisrnatch bat had difference »n tag*. t«*er 
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Ml, 3. Effect of « PCK ampUcon oa ^ discriaunanon of singte base subsuuruon by PCR-PI1FA 

Labeled amplicon Unlabeled amplkon mut ant/norma! 

noimal mutant 

j"***"" SS5iS5S I" 

PBGl/PBG2(262bp) "-SStSiK 0.210*0.016 4J 

PBG1/PBG3 C358bp) WHS * OM2 4 0 

PBGl/PBG4(448b P ) 0.050 * 0 .006 6.153 * 0.010 3.8 

PBG1/PBG5 (547bp) 0.038 * 0.005 



each primer set are listed >n I^^:J^^ J^™^7 p ^W of hybridization and detection are identical 
amplicons were prepared with • a ^ k ^JSS'^SSl sumdard deviation are feted. The ratios between 
to table 2 (A). The experiment was done with triplicate and means * sum 
aCrtance at 405 run of normal and mutant are also Usted. 



Table 4. Typing of HLA-PPB1 alleles by PCR-PHFA 



^edsam^ dardDNA) ^ ^ ^ ^ ^ 

sr - s E E & a s & 

s a? « s S a a & & as 

s 1 Jf ss sr J C a a - 

r s 1 s C £ £ a a a. 

K S ST g 03) & -83 & & 

ss ss sr a H a & a. g> 



Table 5. HLA-DPB1 DNA typing of blood samples by PCR-PHFA_ 



Labeled probe Unlabeled sample (from blood) 

#11 



#57 #65 



02012 089 0.91 0.70 

0202 0.82 0.79 J.£ 0.69 

0301 0.70 0.12 0.94 ^ 

0401 0.78 «.» 091 0.45 

0402 0.49 0.43 0.83 0.80 
0501 0.87 0.82 0.03 ^ 
0901 0.17 0.66 0.» 07? 
1301 0.84 0.90 0.95 0,76 
1901 0.85 Ml ^so, *O2012 
Results of *<K012 J™} »090i «090. 
PCR-RFLP •0901 ^0 J ™ *0501 *02012 
Results of *O^Q'-2 JSBB *0501 *0901 
PCR-PHFA *«*» * 0301 . 

^^^^^ 

by PCR-PHFA. Each probeh* dmerent f « SSeftr *is. the absorbance at 405 nm ooatained 
becauseof the variation ofPCR eftoency .™ ,e I^S^* H 2 0. The absorbance at «» am in the table 
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TaMe 6. ^^^le base substation in a hOTgoce by PCR-PHI* 



(A) 

Labeled probe 



normal (I fd) 



(B) 

Unlabeled probe 



normal <20 #■!) 



Unlabeled sample 
normal (20 /tl) 

normal + mutant (10 jd each) 
mutant (20 fd) 



Labeled sample 
normal (t /d) 

normal + mutant (0.5 fit each) 
mutant (1 fd) 



A4&5 

0.104 

0.107 

0.160 

0.161 

0.926 

0.913 

A405 

0.113 

0.127 

0.432 

0.395 

0.980 

0.975 



Average 

0.106 

0.161 

0.921 

Average 

0.120 

0.414 

0.978 



The assay was done with duplicate. 



ES£» ^^te°"KfTS^ S*s on 

We further examined the etieci 01 ^ b „ FA various 
distinguishing a single base -?--^£SSIi~ 
lencths of amplicons containing a single base sudsi uui 

tofoSiing homoduplexes over heteroduplexes. 
HLA-DPB1 typing 

^SSi^DNt we doned the second exon of eacr, , Dgl 
JS fSSe DNA into a plasmid vector by means of PCR 
J^h nPBAMP-A and DPBAMP-B (19) as primers (Table 1). 

PHhA. As shown in Table 4, this sysiem w ; - 

I w * ^ f allele When Uic probe ana the sanipie were 



0.70 r 

0.60 [- 

i 

■ i, 

0.50 h 



0.40 



0.3O j- 

i 

0.20 \ 

o.io p 



O 10 25 50 

% Mutant 



75 100 



Figure 3. Detecuon of *e — m«* £«SJ2w 

gene The unlabeled Pf^^^SS we* analyzed 

by PCR-PHFA. The ratio of ui^teledproM^ different absorb*** 

The assay was done with tnptou: Each ^k haa si^gn > because of 

- « ^ 3£TK ? £3-. - « - 

lh.c vans&on of PCR ^n.cicnc> i « i v- . . values obtained 



formation under the temperature grade*. 
of different alleles ^££ES£i2S*« 
numbers of base ""^^S^SSm probe and sample 
listed in parentheses. Uss •™* a g£*g C ^ ^ differ 
tended to result ui lower Ay. N ££™*£J (compare 02012 vs 
could be still easily «^^J^S£KT** *** 
02012 "I! ^^dl^diSfton, each o*er 
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heteroduplexes when two complementary strands differ by more 

One microgram of 9*g%^~J£^W. We 
unlabeled primers, DPBAMF A " , ^ individuals 

r^R^meE(20). One microliter of labeled amplicon 
grobe) and 15.^-0^^23?- 1 showed low 

Spies # 14 and #65 with the 0402 probe. 
Detection of a single base substitution in heterozygotes 

SSIna HV of Ihe muont amplions were malyjed by 

HrXroSme this limitation, we tested the ccmb.nat.or, 
of a Eed I slnple and an excess of unlabeled probe. Twenty 
SrSSr oSabeled amplicon (probe) prepared from norma 
Sne surf ljd of labeled amplicon ( erved as a heterozygous 
SleTtnSi 0.5 ,1 each' of normal and rnutar* tamphcons 
wemsuWdtoPCR-PHFA. In this system, m ahettrozyg^s 
sample, half of labeled molecule (mutant) j"^* .J™; 
and the other half of the molecule (normal) will be diluted J 
■ 'di Thf r**v.«.ed «v,« -v ill bs the sum oi com vaiU^. .*» » 
£*. ST^Sc double labeled dsCNA wHl be about 
a half of the original amount. As shown m lame o-H, tne 
heSozy^le homozygote for the «™^« > *'£ 
discriminWd. Similarly, the mutant homozygote and ttj 
heterozygous showed distingmshable A405 values, in tn.s 



modification, three genotypes were completely d.fferenuated. By 
S thL modified system, HLA-DPB1 genotype can be 
Sided whether a homozygote or a heterozygote w.th an 
unknown allele type. 

Detection of an activated oncogene DNA in the presence of 
excess of normal DNA 

To diagnose a cancer in a tissue biopsy, a mutated oncogene must 
be detfeted in the presence of normal DNA. As a mode, system 
*e detection of the activated c-H-ras gene m the mature of 
ZZ and mutated ras gene was carried out. For probe DNA 
a 20 fold excess of unlabeled amplicon was derived from the 
normal Bene pSK-2(13). Mixtures containing various ratios ot 
acSated prepared from pKY-l(14),and normal DNA were 
SKafwbcfcd samples. As shown in Fig. 3, te rtW 
£Sd the activated ras gene in the sample cons.stmg of at least 
l0% mutated DNA when the normal gene was ; served I as a 
control. Furthermore, since the percentage of mutated DNA m 
cVmnie and showed a good correlation, the content of 
SuS^Ae sample caS be estimated roughly by using 
this as a calibration curve. 
PCR-PHFA for clinical diagnosis 

In this paper, we describe a simple and reliable ^method I for 
detecting single base substitutions at any posrtrons tn PCR 
ScoL In order to detect the identical sequence to Probe DNA 
K sample, such as in HLA-DPB1 typing *e comb.nat.on of 
abeled probe and unlabeled sample can be used. On the other 
Sand tt E* diverse sequences in a sample, such as the case 
SSS oncogene, the combination of unlabeled probe and 

^SrS^ 

of mutant cells in normal populaoon (21). However, tn.s 
tecSue can be only applied ,0 already >^"-»£ *J 
the detection for unspecified muttmons, many PCR reaction. w.U 
different sets of primers are required. 

Although some techniques, such "-^g^SL^^S 
DGGE can identify unknown mutations in a PCR amplicon, tney 
reauire o^Sation of conditions, such as temperature during 
StroZrS, gel composition etc., for fine resolution and die 
conKns differ for each target DNA. Furthermore, a DNA 
fZrSTwith a different sequence does not always migrate a 
SSSTporition. Thus although die diyersrty of _twc > DNA. 
can be concluded by these techniques, the 
ran not be confirmed. The reasons mentioned above may limit 
rJtcWues for application to routine DNA diagnos.s for 

3 & Intern Srted here, PCR-PHFA, requires no 
JZ ^vfappStus and gives clear results, it will be a fiowerful 
techn^ Serine DNA diagnosis in clinical laboratories and 
fur use in many fields in molecular genetics. 



REFERENCES 



and Fhrlioh.H A 



and 



, a.ki.K.K... Bugawan. I L.. Hom.G T . Mullis.K B. 
229-237. 



Nucleic Acids Research, 1994, Vol 22, No. 9 1547 



6. 



8. 



5 Orita.M.. IwahanOL. Kana2awa,H., Hayashi.K.. and SddyaX (1989) Proc. 
Natl Acad. Sci. USA. 86 2776-2770. 

Sheffieki,V.C, Cox,D.R., Lerraan.L.S., and Myers.R.M. (1989) Proc. Nail. 
Acad. Sci. USA. 86 232 - 236. . „ _ 

LemianX-S.. SilversteinJC., and Grinfeld,E. (1986) In Cold Spnng Harbor 
Symposium on Quantitative Biology, vol.LI, Cold Spring Harbor Laboratory 
Press, pp275-284. 
o Myers.R.M., and Maniatis.T. (1986) ibid.. p P 275-284. 
9 ProsserJ. (1993) TIBTECH, U 238-246. 
la T«ouamie,B., Balaguer,P., Boussioux,A.M.. and Nicolas^J C. (1992)^/- 

YOT»A.ftoi2oe.T'.* and Nakagami.S. (1989) The Fourth San Diego 
Conference on Nucleic Acids Research, paper no. 13. 
Ubukata,K., Nakagami.S.. Nitta,A., Yaraane,A., Kawakami.S., Sugiura,M., 
and Konno.M. (1992) J. Out. Microbiol. 30 1728-1733. 
Sekiya.T. (1983) Garni. 74 794 -797 
14. Kraus.M.H., and Yuasa.Y. (1983) Nature, 303 ™-779 
15 SambrookJ., Fritsch.E.F.. and Maniatis.T. (1989) Molecular Cloning: a 
' Laboratory Manual, Second Edition, Cold Spring Harbor f Press. 
HaUoway.B., Erdman.D.D.. Durigon.E.L., and Murtagh.Jr.J.J. (1993) Nuci 
Acids Res.. 21 3905 -3906. ,« 
Morrison.L.E., Halder.T.C, and Stols.L.M. (1989) Anal Biochem.. 183 
231 -244 

BugawanXL. , Begovich.A.B., and Ehrltch.H.A. (1990) Immunogenetics. 
32 231—241 

19. KimuraA, Suzuki.T. (1992) In Tsuji,K., Aizawa,M., and Sasazuki.T. (ed.) 
HLA 1991 vol.1. Oxford University Press. 

20. Mitsunaga.S., Kuwata,S., Tokunaga£, Uchikawa.C TM.K.. 
AkazaX, Mitomi.Y., and Juji.T. (1992) tfwm. Immunol. ,34 203 —21 1 ^ 

21. Mano.H,, Ishikawa.F., HiraLH., and Takaku.F. (1987) Jpn. Cancer Res.. 
80 102-106. 



11 



12 



13 



16. 



17. 



18. 



